Somatostatin analogs ameliorate intestinal injury after localized irradiation. This study investigated whether SOM230, a novel, metabolically stable analog with broad receptor affinity, reduces intestinal injury and lethality in mice exposed to total-body irradiation (TBI). Male CD2F1 mice were exposed to 7-15 Gy TBI. Twice-daily administration of SOM230 (1, 4 or 10 mg/kg per day) or vehicle was started either 2 days before or 4 h after TBI and continued for either 14 or 21 days. Parameters of intestinal and hematopoietic radiation injury, bacterial translocation, and circulating cytokine levels were assessed. Animal survival was monitored for up to 30 days. SOM230 increased survival (P < 0.001) and prolonged survival time (P < 0.001) whether administration was initiated before or after TBI. There was no benefit from administration for 21 compared to 14 days. The survival benefit of SOM230 was completely reversed by co-administration of pancreatic enzymes (P = 0.009). Consistent with the presumed noncytoprotective mechanism of action, SOM230 did not influence hematopoietic injury or intestinal crypt lethality. However, SOM230 preserved mucosal surface area (P < 0.001) and reduced bacterial translocation in a dose-dependent manner (P < 0.001). Circulating IL-12 levels were reduced in SOM230-treated mice (P = 0.007). No toxicity from SOM230 was observed. SOM230 enhances animal survival whether administration begins before or after TBI; i.e., it is effective both as a protector and as a mitigator. The mechanism likely involves reduction of intraluminal pancreatic enzymes. Because of its efficacy and favorable safety profile, SOM230 is a promising countermeasure against radiation and should undergo further development. g 2009 by Radiation Research Society
INTRODUCTION
The severity of hematopoietic/immune system injury and gastrointestinal (GI) injury is the main determinant of lethality after total-body irradiation (TBI). Significant progress has been made in the postexposure management of radiation-induced bone marrow injury with hematopoietic cytokines, blood transfusions, antimicrobial therapy and stem cell reconstitution (1, 2) . In contrast, the management of GI radiation toxicity remains symptomatic and underdeveloped. Hence the relative importance of GI radiation toxicity is increasing, and the need to develop medical countermeasures against radiation injury of the GI tract has considerable significance.
The intestinal epithelium, although comprised of only a single layer of cells, has a surface area that is 200 times larger than that of the skin. Thus the epithelial lining of the gut constitutes the body's most extensive and important barrier to the exterior. Breakdown of the mucosal barrier during the acute phase of GI radiation injury exposes subepithelial tissues to the detrimental actions of the contents of the intestinal lumen. The significance of intestinal intraluminal contents in acute radiation-induced mucosal damage has been recognized for more than a century (3) and, not surprisingly, has been explored in the search for strategies that reduce GI radiation toxicity.
Among the various intraluminal factors, pancreatic enzymes exert a particularly prominent influence on development of intestinal radiation toxicity (4). Reducing pancreatic enzyme secretion by surgical or dietary methods attenuates acute mucosal injury and increases survival after abdominal irradiation in dogs (5-7), and pancreatic duct occlusion in rats protects against structural radiation injury of the intestine (8) .
Clinically, the most relevant and feasible method of reducing intraluminal pancreatic secretions may be by administration of synthetic somatostatin receptor analogs. These drugs are used in the clinical treatment of acromegaly and in the treatment of patients with neuroendocrine tumors, notably carcinoid. In addition, somatostatin analogs are known as universal GI inhibitors and thus also strongly inhibit exocrine pancreatic secretion. We showed a number of years ago that short-term administration of the prototype somatostatin analog octreotide markedly ameliorates mucosal injury in small bowel after localized irradiation (9, 10) . Subsequent work by others has confirmed our findings (11) . However, the short half-life of octreotide represents a logistical obstacle to its use in mass casualty situations. The more recently developed somatostatin analog, SOM230 (pasireotide), on the other hand, has a more favorable pharmacokinetic profile and is thus a promising candidate as a medical countermeasure against gastrointestinal radiation injury.
In this study, the effects of SOM230 on animal survival and intestinal radiation injury in a mouse model of TBI were assessed. The results demonstrate that SOM230 confers a highly statistically significant survival benefit in this model, regardless of whether administration begins prior to or after TBI. Our data also suggest that the effectiveness of SOM230 as a radiation protective or radiation mitigating compound is related to inhibition of pancreatic enzyme secretion and that it involves preservation of the intestinal mucosal barrier.
MATERIAL AND METHODS

Reagents
SOM230 was kindly supplied by Novartis Pharma AG (Basel, Switzerland). Lyophilized SOM230 was stored at 4uC and was reconstituted in sterile deionized water just before use.
Pancrezyme, an enzyme preparation derived from porcine pancreas (25,500 USP units lipase, 139,000 USP units protease, and 164,000 USP units amylase per gram), was obtained from Virbac Animal Health (Forth Worth, TX). Pancrezyme was dissolved in sterile deionized water just before use.
Unless otherwise specified, all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
Animals
The experimental protocol was reviewed and approved by the Central Arkansas Veterans Healthcare System (CAVHS) Institutional Animal Care and Use Committee (IACUC) as well as by the IACUC at the University of Arkansas for Medical Sciences.
All experiments were carried out in randomly bred male CD2F1 mice (Harlan Sprague Dawley, Indianapolis, IN). The mice were 6-7 weeks of age at the initiation of the experiments (body weight 22-25 g). Animals were housed in conventional cages under standardized conditions with controlled temperature and humidity and a 12-12-h day-night light cycle. Animals had free access to water and chow (Harlan Teklad laboratory diet 7012, Purina Mills, St. Louis, MO).
A total of 608 mice were used for the experiments reported here. Mice were exposed to single-dose TBI, and groups of mice were subsequently killed humanely at set times after irradiation [0 h (no irradiation), 3.5 days, 7 days, 10 days, 21 days, 30 days] or were euthanized when moribund. For experiments that required longitudinal observation, a TBI dose of 8.0 Gy was given, because previous experiments in CD2F1 mice had shown that 8.0 Gy TBI induces substantial intestinal and hematopoietic injury, but with adequate 30-day survival rates.
To study the effect of the different treatments on postirradiation survival, mice were exposed to 7-15 Gy TBI. To reduce the number of animals required to a minimum, the design of these studies was optimized for efficiency and statistical power (12) . While the experiments were ongoing, the mice were monitored twice daily by the investigators' support staff and twice daily by veterinary medical unit personnel for up to 30 days. The number of moribund/dead mice was recorded twice daily. Mice found to be moribund (defined as mice exhibiting excessive weight loss, lethargy, huddling, shivering, hunched posture or vocalization) were euthanized immediately by CO 2 inhalation followed by cervical dislocation as recommended by the American Veterinary Medical Association (AVMA) in their 2007 Guidelines on Euthanasia.
Drug Treatment
To study the effect of SOM230 on radiation-induced injury, mice were randomly assigned to receive vehicle or 0.5 mg/kg SOM230 in 100 ml twice daily (b.i. 
Irradiation and Dosimetry
Irradiation and dosimetry were performed as described elsewhere. 4 Briefly, after confirmation of dose uniformity by thermoluminescence dosimetry, irradiation was performed with a Shepherd Mark I model 25 137 Cs irradiator (J. L. Shepherd & Associates, San Fernando, CA). During irradiation, the animals were held in well-ventilated custommade Plexiglas restrainers on a turntable rotating at five revolutions per minute. The average dose rate was 1.35 Gy per minute and was corrected for decay each day.
Intestinal Mucosal Surface Area (MSA)
Intestinal mucosal surface area is a well-validated, sensitive parameter of intestinal radiation injury. Mucosal surface area was measured in vertical sections of the jejunum stained with hematoxylin and eosin (H&E) using a projection/cycloid method as described by Baddeley et al. (13) . We have validated the method previously specifically for surface area determination of the intestinal mucosa after irradiation (14) .
Intestinal Crypt Colony Assay
Microcolony crypt cell survival was performed as described by Withers and Elkind (15) . At 3.5 days after TBI (0, 9, 11, 13 and 15 Gy), mice were killed, and segments of proximal jejunum were obtained, fixed and stained with H&E. Surviving crypts, defined as crypts containing 10 or more adjacent chromophilic non-Paneth cells, were counted in transverse cross sections. Four circumferences were scored per mouse, and microcolony survival was expressed as the average number of crypts per circumference, with the average from each mouse considered as a single value for statistical purposes.
Plasma Citrulline Levels
Plasma citrulline is a well-validated, minimally invasive biomarker for functional enterocyte mass that can be performed in as little as 5 ml plasma (16) .
At 0, 3.5 and 7 days after 8 Gy TBI, whole blood was collected in EDTA-coated tubes (Fisher Scientific, Pittsburgh, PA). Plasma was generated by centrifugation (12000 rpm, 5 min, 4uC) and stored at 280uC until analysis. Citrulline concentrations were determined using a reverse-phase HPLC-fluorimetry method with precolumn OPA/ME derivatization, as described previously by Pérez-Neri et al. (17) .
Bacterial Translocation Assay
Radiation-induced bacterial translocation starts around day 7 after TBI and peaks about 2 weeks after TBI (18, 19) . In the present study, analysis of bacterial translocation was performed on day 10 after TBI. Livers were removed aseptically and homogenized immediately. Bacterial translocation was quantified by real-time PCR as described by van Minnen et al. (20) . Briefly, DNA was isolated from sterile livers using a DNA purification kit (Promega, Madison, WI), and real-time PCR was performed using Power SYBR green PCR master mix (Applied Biosystems, Foster City, CA) and 16S rRNA genetargeted primers, forward (59-AAC GCG AAG AAC CTT AC-39) and reverse (59-CGG TGT GTA CAA GAC CC-39). Serially diluted bacterial genomic DNA was used to generate a standard curve. PCRderived bacterial counts were expressed as nanograms of bacterial DNA per gram of mouse liver tissue.
Assessment of Hematopoietic Injury
Whole blood was collected in EDTA-coated tubes (Fisher Scientific). Peripheral blood cell counts were performed using a HEMAVET 950 system (Drew Scientific, Oxford, CA) according to the manufacturer's instructions.
Circulating Cytokine Levels
To explore the effect of TBI and SOM230 on the production of pro-and anti-inflammatory mediators, a multiplex based cytokine screen was used. Whole blood was collected in EDTA-coated tubes (Fisher Scientific). Plasma was generated by centrifugation (12,000 rpm, 5 min, 4uC) and stored at 280uC until analyzed. Plasma levels of 20 cytokines were measured by multiplexing using a Bioplex system (Bio-Rad Laboratories, Hercules, CA) and the BioSource mouse cytokine/chemokine 20-plex panel (Invitrogen, Carlsbad, CA).
Plasma Insulin-Like Growth Factor 1 SOM230 prominently inhibits the release of insulin-like growth factor 1 (IGF-1) (21) . Hence plasma levels of IGF-1 were measured to verify biological activity of SOM230.
Three days after administration of SOM230 (5 mg/kg b.i.d.) was started, whole blood was collected in EDTA-coated tubes (Fisher Scientific). Plasma was generated by centrifugation (12,000 rpm, 5 min, 4uC) and stored at 280uC until tested. Plasma IGF-1 concentrations were measured using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Immunodiagnostic Systems, UK) as described previously (22) .
Statistical Analysis
All statistical analyses were performed using NCSS 2004 for Windows (NCSS, Kaysville, UT). Data were presented as means ± SEM except for duration of survival, which was presented as median survival with interquartile range as measure of variability. Two-sided tests were used throughout, and differences were considered statistically significant when the P value was less than 0.05. Survival curves were constructed using the Kaplan-Meier method, and survival curves were compared with the log-rank test. Crypt colony assay data were compared using regression analysis with radiation dose and treatment group as independent variables. Pairwise (univariate)
RESULTS
No signs of toxicity were observed, even at the highest SOM230 dose used (5 mg/kg b.i.d.) in this study.
Plasma concentrations of IGF-1 in vehicle-treated mice were 600 ng/ml (SEM: 26 ng/ml). In contrast, there was a highly significant decrease in plasma IGF-1 to 328 ng/ml (SEM: 16 ng/ml) after treatment with SOM230 (5 mg/kg b.i.d.) for 3 days (P , 10 26 ), thus confirming biological activity.
Overall Survival and Duration of Survival
Exposure to TBI induced signs of radiation sickness (i.e., radiation dose-dependent weight loss, lethargy) and mortality. Treatment with SOM230, starting 2 days before irradiation, significantly increased survival and prolonged survival time after TBI (Fig. 1) . Importantly, starting administration of SOM230 4 h after TBI also resulted in substantially improved survival rates (Mantel Haenzel P , 0.00001) across the three different doses tested (8.5 Gy, 9 Gy and 9.5 Gy). Kaplan-Meier survival curves from the 9-Gy group are shown in Fig. 2 . There was no added benefit from continuing SOM230 administration for 3 weeks instead of 2 weeks (data not shown).
Overall survival rates at 10 days are generally considered appropriate for evaluating the contribution of the intestine to lethality after TBI (23) (in contrast to 7-day survival rates, which mainly reflect cell killing in the progenitor cell compartment in the intestinal crypts). The 10-day survival data are shown in Table 1 . The confidence interval for the 5 mg/kg b.i.d. group was rather wide, but a conservative estimate of the DRF that can be achieved with SOM230 is at least of the order of 1.2.
Administration of pancreatic enzymes to mice did not affect survival after TBI compared to mice gavaged only with vehicle. In contrast, pancreatic enzyme administration in SOM230-treated animals strikingly reversed the beneficial effect of SOM230 (P 5 0.009) (Fig. 3) .
Intestinal Radiation Injury
The effect of SOM230 (0.5 mg/kg b.i.d.) on intestinal mucosal injury was assessed at different times after 8 Gy TBI by measuring mucosal surface area and plasma citrulline levels. Radiation induced a highly significant decrease in mucosal surface area. As expected, the nadir of mucosal surface area was observed at 3.5 days after TBI with partial recovery at 21 days. Treatment with SOM230 significantly attenuated the effect of radiation on intestinal mucosal surface area (P , 10 26 ) (Fig. 4) . Plasma citrulline levels were measured in unirradiated mice and at 3.5 and 7 days after 8 Gy TBI. TBI induced a significant decrease in plasma citrulline levels on day 3.5 (P 5 0.01), while on day 7 levels had returned to baseline values. The difference between vehicle-and SOM230-treated animals did not reach statistical significance (Fig. 5) .
Intestinal crypt survival was determined at 3.5 days after TBI (8-15 Gy). In contrast to the effect on mucosal surface area, SOM230 (0.5 mg/kg b.i.d.) did not affect radiation-induced crypt cell survival, consistent with the (Fig. 6) .
Bacterial Translocation
Bacterial translocation data, as quantified by realtime PCR of bacterial DNA in liver tissue, were obtained at 10 days after 9 Gy TBI. SOM230 administration was associated with a highly statistically significant dose-dependent reduction in bacterial translocation (P , 0.001) (Fig. 7) . No bacterial DNA was detected in the livers of unirradiated mice.
Hematopoietic Toxicity and Recovery
Radiation induced a decrease in the numbers of circulating neutrophils, lymphocytes, erythrocytes and platelets (Fig. 8) . Treatment with SOM230 (0.5 mg/kg b.i.d.) starting 2 days before irradiation did not significantly influence radiation-induced hematopoietic toxicity or recovery.
Circulating Cytokines and Chemokines
Among the cytokines and chemokines included in the multiplex assay, only plasma levels of IL-12 and CXCL9 were consistently above the detection limit (Fig. 9) . SOM230 (0.5 mg/kg b.i.d.) significantly reduced the levels of IL-12 (P 5 0.007), a cytokine that is known to sensitize the intestinal tract to ionizing radiation (24) . CXCL9 levels gradually decreased after radiation (P 5 0.003), but the levels were not influenced by SOM230 administration.
DISCUSSION
Development of effective countermeasures against radiation-induced intestinal injury and lethality remains a significant capability shortfall and an unmet need. The results of the present study strongly suggest that the somatostatin analog SOM230 is useful as a non-toxic, highly effective pre-exposure protector as well as a postexposure mitigator of TBI-induced gastrointestinal injury and lethality. Moreover, our results suggest that there is no added benefit of prolonging SOM230 administration beyond 2 weeks after TBI and that the protective effect of SOM230 is mediated largely by inhibition of exocrine pancreatic secretion.
Endogenous somatostatin is a neuropeptide with receptors that are widely distributed throughout the gastrointestinal tract (25, 26) . Somatostatin has a plethora of inhibitory effects on gastrointestinal physiology, including gastrointestinal hormone secretion, blood flow, motility and, notably, pancreatic secretion. Somatostatin analogs are widely used clinically (27, 28) and have an extremely favorable safety profile. Taken together, these findings make somatostatin analogs promising candidates for both prophylaxis and mitigation of intestinal radiation injury after TBI.
To our knowledge, all research to date investigating the efficacy of somatostatin analogs as radioprotective agents has been conducted with octreotide, the ''prototype'' somatostatin analog. Preclinical and clinical studies have shown that octreotide reduces acute side effects and the development of early as well as delayed structural radiation injury in small bowel after localized radiation exposure (9-11, 29, 30) . Nevertheless, the potential usefulness of octreotide in the field or in a mass casualty situation is limited because of its short half-life (21, 31), thus requiring continuous infusion to maintain therapeutic drug levels. In contrast, SOM230 is a novel synthetic cyclohexapeptide that comprises modified unnatural amino acids and that may circumvent this obstacle (21) . SOM230 has a half-life in excess of 11 h and can be administered by twice-daily subcutaneous injection. An additional potential advantage of SOM230 over octreotide is related to receptor selectivity. While octreotide binds only to the type 2 somatostatin receptor (sst2), SOM230 has affinity for somatostatin receptors sst1, sst2, sst3 and sst5 (32) .
In addition to prolonging survival and reducing lethality after exposure to TBI, SOM230 preserved the intestinal mucosa surface area after irradiation and attenuated radiation-induced bacterial translocation. Plasma citrulline levels, on the other hand, did not increase significantly after SOM230 administration. Both mucosal surface area and plasma citrulline are indicators of enterocyte mass, but whereas the former is a morphological parameter, citrulline is a functional parameter that reflects total enterocyte metabolism (33, 34) . It is conceivable that the discrepancy between mucosal surface area and plasma citrulline levels is due to the different nature of these two parameters. The fact that plasma citrulline levels are a somewhat less sensitive parameter of injury than mucosal surface area (i.e., more mucosal injury is required to achieve sufficient ''resolution'' of the assay) could also explain the discrepancy.
Consistent with the notion that SOM230 regulates the downstream pathophysiological manifestations of intestinal radiation injury rather than interfering directly with the initial radiochemical event, the present study did not show differences in crypt survival or in hematopoietic injury. This is also supported by the observation that SOM230 was effective when administration was started 4 h after irradiation, a time when the initial radiation-induced DNA strand breaks have already occurred.
Our study clearly indicates that the beneficial effects of SOM230 on intestinal injury and mortality are mediated at least in part by decreased pancreatic enzyme secretion. The specific importance of pancreatic enzymes in the pathogenesis of radiation-induced intestinal injury and subsequent lethality was proposed theoretically by Henry Quastler in the 1950s (35) . Subsequently, Morgenstern's group, in a series of elegant articles, showed that reducing intraluminal pancreatic proteases in dogs lowers lethality after abdominal irradiation (5- , and our and Delaney's groups demonstrated that pancreatic duct occlusion or inhibition of pancreatic enzymes ameliorates structural injury in the irradiated intestine (8, 36) . More recently, Schoenbein et al. presented further evidence for the so-called autodigestion hypothesis (37, 38) . Hence, after events that reduce mucosal barrier function, pancreatic enzymes gain access to the intestinal wall where they initiate a process of auto-digestion. The auto-digestion products are highly inflammatory and cytotoxic and exacerbate tissue injury. Moreover, the pancreatic enzyme trypsin plays an important role in the activation of membrane receptors, notably proteinase-activated receptor 2 (PAR2), which plays a critical role in bowel inflammation and visceral nociception and is an important mediator of radiation-induced gut injury (39) .
It is also conceivable that SOM230 confers some of its benefits by modulating immune cell function. Somatostatin receptors are abundant on both intestinal immune cells and nerve endings (25, 26) . SOM230 may exert an immunomodulatory effect both by acting on immune cells directly, as in the somatostatin-INF-c immunoregulatory circuit (40) , and by neuroimmune interactions that have been shown to regulate the intestinal radiation response (41, 42) . Another possibility is that SOM230, as shown for somatostatin/octreotide, regulates the vascular response to injury by stimulating proteintyrosine phosphatase and/or serine/threonine phosphatases (43, 44) , thus indirectly influencing the intestinal radiation response. The present study showed that SOM230 reduced circulating levels of IL-12, a pro-inflammatory cytokine. These results are consistent with in vitro studies showing that octreotide reduces IL-12 production by macrophages and dendritic cells (45, 46) . While IL-12 protects the hematopoietic system by enhancing endogenous hematopoiesis and stem cell engraftment after TBI, it exacerbates intestinal radiation injury (47, 48) . Therefore, it is not unlikely that inhibition of IL-12 production by SOM230 contributes to its beneficial effects on intestinal radiation injury. The extent to which IL-12 plays a role in the net overall survival benefit after SOM230 administration remains to be elucidated.
Another interesting issue is the relationship between somatostatin analogs, IGF-1 and growth hormone (GH). SOM230 reduces the secretion of IGF-1 and GH (21) , both of which have been suggested to protect against radiation-induced intestinal and hematopoietic injury (49) (50) (51) (52) (53) (54) . In the present study, we did find a substantial effect of SOM230 on IGF-1 levels. It is interesting to speculate that strategies to separate the beneficial effects of SOM230 from the effects on IGF-1 and GH will be able to further increase the efficacy of SOM230 as a radiation protector and radiation mitigator. Research is clearly needed to establish the significance of alterations in IGF-1 and GH during SOM230 therapy.
Considerable debate evolves around the role of endothelial dysfunction and endothelial apoptosis in the intestinal microvasculature during development of acute radiation-induced bowel injury. Acid sphingomyelinase-deficient mice are protected from radiationinduced endothelial cell apoptosis, exhibit decreased levels of crypt cell apoptosis and increased survival rates after TBI (55, 56) . On the other hand, there is controversy related to the extent and significance of radiation-induced endothelial apoptosis in intestinal microvasculature and regarding whether a direct relationship exists between endothelial apoptosis and apoptosis in the crypt epithelium (57) . Moreover, Qiu et al. (58) recently showed that mice deficient in p53 upregulated modulator of apoptosis (PUMA) or mice in which PUMA was suppressed by antisense oligonucleotides exhibited decreased crypt cell apoptosis and prolonged postirradiation survival without an appreciable effect on endothelial apoptosis. Clearly, more work is needed to clarify the significance of interactions among the various cellular compartments in the gut during development of the acute gastrointestinal radiation syndrome.
Realistically, future strategies to ameliorate injury and lethality from TBI are likely going to consist of a combination of therapies rather than treatment with single compounds. SOM230 confers protection against TBI-induced injury by a mechanism that differs form many other strategies. Combining SOM230 with enteroprotective interventions that act through other mechanisms, for example, CBLB502 (a polypeptide that activates nuclear factor-kB (59), the vitamin E analog ctocotrienol (60), or orally administered IL-11 (61), should be explored. Further studies to define the postirradiation time window and the optimal SOM230 dose and duration of administration in this setting are also needed.
In conclusion, the present study demonstrates that SOM230 ameliorates TBI-induced intestinal injury and lethality when administered both before and after radiation exposure or only after irradiation. The beneficial effects of SOM230 do not appear to be mediated by free radical scavenging or traditional cytoprotective mechanisms but do depend to a large extent on reduction of exocrine pancreatic secretion. Because of the exceptionally favorable safety profile of somatostatin analogs, SOM230 is promising as a medical countermeasure against radiation in the mass casualty setting. More research is needed to further assess the potential of SOM230 as a mitigating agent and to determine the most appropriate dosing schedule, including the optimal drug concentration and postirradiation time window for administration.
